Abstract Interferon-alpha (IFN-a) promotes anti-tumor immunity through its actions on immune cells. We hypothesized that elevated percentages of myeloid-derived suppressor cells (MDSC) and increased pro-inflammatory cytokines in peripheral blood would be associated with impaired response to IFN-a in patients with gastrointestinal (GI) malignancies. This study evaluated relationships between plasma IL-6, IL-10, circulating MDSC subsets, and IFN-a-induced signal transduction in 40 patients with GI malignancies. Plasma IL-6 and IL-10 were significantly higher in patients versus normal donors. CD33
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CD33
? HLADR -CD11b ? CD15 ? and CD33 ? HLADR -/low
CD14
? MDSC subsets were also elevated in patients versus normal donors (P \ 0.0001). Plasma IL-6 was correlated with CD33 ? HLADR -CD15 ? MDSC (P = 0.008) and IL-10 with CD33
? HLADR -CD15 -MDSC (P = 0.002). The percentage of CD15
? and CD15 -but not CD14 ? MDSC subsets were inversely correlated with IFN-a-induced STAT1 phosphorylation in CD4
? T cells, while co-culture with in vitro generated MDSC led to reduced IFN-a responsiveness in both PBMC and the CD4
? subset of T cells from normal donors. Exploratory multivariable Cox proportional hazards models revealed that an increased percentage of the CD33
? HLADR -CD15 -MDSC subset was associated with reduced overall survival (P = 0.049), while an increased percentage of the CD33
? HLADR -/low
Introduction
Gastrointestinal (GI) malignancies represent more than 15% of yearly cancer diagnoses and were responsible for an estimated 135,830 deaths in the United States in 2009 [1] . One promising approach to treat this group of cancers includes immune-based therapy [2, 3] . Numerous strategies are being developed to overcome the profound systemic immunosuppression in GI cancer patients, as this represents a major factor that limits the potential benefits from immunotherapy [4, 5] . An altered balance of circulating cytokines is thought to drive this immunosuppression. Systemic levels of pro-inflammatory cytokines including interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-1 beta (IL-1b), and tumor necrosis factor-alpha (TNF-a) are elevated and elicit multiple downstream effects. These cytokines have been recognized as key regulators of immunosuppression and poor quality of life in patients with advanced cancer [6] [7] [8] [9] [10] [11] . Many of the same cytokines are also known to play an important role in regulating the generation and function of myeloid-derived suppressor cells (MDSC) [6, 12, 13] . This heterogeneous population of early myeloid cells represents a major barrier to the success of immune-based therapy. MDSC are also thought to promote cancer progression by virtue of their ability to suppress cytotoxicity and cytokine production by natural killer (NK) cells and CD8
? T cells [14] [15] [16] . MDSC can deplete arginine and cysteine from the microenvironment and also produce high levels of nitric oxide, which results in the nitration of signal transduction intermediates within CD8
? T cells, and can induce oxidative stress via the production of reactive oxygen species [15, [17] [18] [19] [20] . Although great insight into the ability of MDSC to inhibit anti-tumor immunity has been gained from murine studies [4, 13, 17, [21] [22] [23] [24] [25] [26] , the biologic properties of these cells in human cancer patients are only beginning to be defined [4, 16, [27] [28] [29] [30] [31] . Emerging evidence suggests that unique phenotypic MDSC subsets exist in human cancer patients. MDSC have been minimally defined as having a CD33
? HLADR -phenotype and can be further divided into granulocytic (CD15 ? ) or monocytic (CD15 -) subsets [16, 32] . The prevalence of a CD33
? HLADR -/low CD14 ? subset of MDSC has also been reported in patients with various malignancies including hepatocellular carcinoma, ovarian carcinoma and melanoma [29, [33] [34] [35] [36] . Few studies have explored potential relationships between MDSC and the cellular response to clinically relevant cytokines in human cancer patients.
Interferon-alpha (IFN-a) is a cytokine that plays a key role in promoting anti-tumor immunity via its ability to activate the STAT1 signal transduction pathway, promote NK and T-cell cytotoxicity [37, 38] , and enhance the clonal expansion or cross-priming of T cells [39] [40] [41] . Our group and others have shown that patients with advanced malignancy display reduced STAT1 phosphorylation [42, 43] . In addition, using the C26 murine model of adenocarcinoma, we have shown that MDSC can directly inhibit IFN-a responsiveness by nitrating tyrosine residues on the STAT1 protein [44] . Therefore, we hypothesized that increased pro-inflammatory cytokines in patients with GI malignancies would be associated with elevated circulating percentages of MDSC and an impaired IFN-a responsiveness. This study provides evidence for unique relationships between systemic IL-6 or IL-10 levels with individual MDSC subsets, and MDSC with reduced IFN responsiveness in patients with GI malignancies.
Materials and methods

Patients
Peripheral blood samples were obtained from 12 healthy adult blood donors (source leukocytes, American Red Cross, Columbus, OH) and from 40 patients with a confirmed diagnosis of gastrointestinal malignancy at The Ohio State University Comprehensive Cancer Center (Columbus, OH) from 2006 to 2009 under an Institutional Review Board-approved protocol (#2006C0046; PI: Lesinski, G.B.). Plasma from normal donors (n = 20) was purchased from Innovative Research, Inc., (Novi, MI). Plasma was obtained from all forty patients prospectively enrolled in this study. Cryopreserved peripheral blood mononuclear cells (PBMC) of sufficient quantity for flow cytometric analysis were available from thirty-one of the patients enrolled. Overall survival data were obtained from the time of diagnosis on 24 patients. The total number of systemic cancer therapies at any time point (before or after study blood draw) were also recorded.
Blood procurement PBMC were isolated from peripheral venous blood via density gradient centrifugation with Ficoll-Paque, (Amersham Pharmacia Biotech, Uppsala, Sweden) as previously described [42] . Plasma samples were snap-frozen and stored at -80°C until analysis.
Measurement of cytokines
For quantitative detection of IL-6, IL-10, IL-1b, and TNF-a in plasma, commercially available enzyme-linked immunosorbent assays (ELISA) were used according to manufacturer's specifications (R&D Systems, Inc.). All samples were run in batches to minimize inter-assay variability, assayed in duplicate, and quantitated using a standard curve.
Flow cytometry for myeloid-derived suppressor cells Cryopreserved PBMC from each normal donor or patient were suspended at a concentration of 1 9 10 7 /ml in flow staining buffer (PBS plus 1% FBS). Cells were incubated with fluorochrome-labeled antibodies at 4°C. Specific antibodies include CD15 FITC (eBioscience), CD33 PE (BD Biosciences), HLA-DR PERCP-Cy5.5 (eBioscience), CD11b APC (BD Biosciences), and CD14 Pacific Blue (BD Biosciences). PBMC were also labeled with the appropriate isotype control antibodies for each fluorochrome to use as negative controls. Cells were then washed with flow buffer, fixed with 1% formalin, and stored at 4°C until analysis. All samples were run on a BD LSR II flow cytometer and were subsequently analyzed with FlowJo software (Tree Star, Inc.). MDSC were defined as cells positive for CD33 and lacking HLA-DR with subsets expressing CD15, CD14 and CD11b, as discussed in the legends.
Analysis of STAT1 phosphorylation by flow cytometry Levels of intracellular Tyr 701 -phosphorylated STAT1 (P-STAT1) within total PBMC or individual cell subsets were measured by flow cytometry as previously described [42] . Cryopreserved patient cells were thawed, resuspended in fresh RPMI-1640 media containing 10% Human AB serum (Sigma-Aldrich, St. Louis MO), and stimulated for 15 min with 10 4 U/ml recombinant, human IFN-a2b (Schering-Plough). This dose and time point has been previously shown by our group to induce maximal IFN-amediated STAT1 phosphorylation at the Tyr 701 residue [42, 45] . Following stimulation, cells were fixed and permeabilized (Fix & Perm Permeabilization Kit; Invitrogen), washed in PBS containing 5% fetal bovine serum, and then stained for 30 min at room temperature with fluorochromelabeled antibodies against P-STAT1 Ab (BD Biosciences, San Diego, CA) in combination with antibodies targeting extracellular markers (CD4, CD8, and CD56). After a final wash, samples were fixed in 1% formalin and analyzed using a BD FACScalibur flow cytometer using at least 10,000 cells in the lymphocyte gate based on light scatter properties. Data were expressed as specific fluorescence (Fsp = Ft-Fb), where Ft represents the median value of total staining and Fb represents the median value of background staining with an isotype control antibody [45] .
In vitro generation of MDSC PBMC were isolated from normal donor Red Cross leukopaks via density gradient centrifugation with FicollPaque, (Amersham Pharmacia Biotech, Uppsala, Sweden) as previously described [42] . A protocol for in vitro generation of MDSC was adapted from Lechner et al. [46] . Briefly, cells were plated at a concentration of 5 9 10 5 cells/ml in complete media (RPMI media supplemented with 10% fetal bovine serum and antibiotics). GM-CSF, IL-6, and IL-10 were added to the media at a concentration of 10 ng/ml. Cells were cultured at 37°C for 7 days, with media and cytokine replacement every 2-3 days. After 7 days, suspension and adherent cells were harvested and myeloid cells were isolated from culture using the Easy Sep Myeloid Isolation Kit (Stem Cell Technologies). Cells were labeled with anti-CD33/66b magnetic microbeads and positively selected using an Easy Sep magnet. Isolated cells were washed twice prior to further studies. PBMC isolated from the same donor but not treated with cytokines were used as a control. In vitro generated MDSC were phenotypically evaluated for the expression of CD33, HLA-DR, CD11b, and CD15 by flow cytometry. Consistent with prior studies, they were found to express CD33 and CD11b, with variable levels of HLA-DR and CD15.
Co-culture of MDSC and PBMC
In vitro generated MDSC were co-cultured with autologous PBMC that were thawed and rested in complete media 1 day prior to co-culture. MDSC were plated at a 1:1 ratio with PBMC in complete media and incubated for 24 h at 37°C. After 24 h, non-adherent cells were harvested and stimulated with 10 3 or 10 4 U/ml IFN-a for 15 min at 37°C as previously described [42] . This dose and time point has been shown to induce robust STAT1 phosphorylation as previously described by our group [42, 45] . P-STAT1 staining and analysis was conducted as described in the same manner as the patient samples described above. Co-culture protocol was adapted from previous studies conducted by Nagaraj et al. [27] .
Statistical methods
Pearson correlation coefficients were used to evaluate the relationship between measures. Comparisons of MDSC percentages and the plasma concentration of cytokines between GI cancer patients and normal donors were made using the Wilcoxon rank sum test. Exploratory univariable and multivariable Cox proportional hazards regression models were used to evaluate the effect of plasma cytokine levels, the percentage of MDSC subsets, and number of systemic cancer therapies on overall survival. Because we were primarily interested in the potential contribution of MDSC subsets to overall survival, we used a backward elimination procedure [47] (with 0.1 as the P-value criterion for removal) that considered only the three MDSC subsets. In this manner, we explored the multivariable relationship between the three MDSC subsets (CD15 ? , CD15
-, or CD14 ? ) and survival. Once a final multivariable model was obtained based on MDSC subset, three additional indicators (pancreatic cancer, [1 systemic cancer therapy, and stage of disease) were added to the model individually to assess their effect on the hazard ratio for each subset. This approach was utilized due to the large number of potential predictors compared to the limited sample size. Plasma cytokine concentrations and MDSC levels (as percentage of total cells) were log-transformed after a small positive adjustment to account for zero values. This transformation improved their normality for the Pearson coefficients and their linearity in the Cox models.
Results
Patient demographics
The demographics of patients in this study are illustrated in Table 1 . Blood from 27 of the patients was obtained within 3 months of initial cancer diagnosis, and none of these individuals had prior therapy. Of the 13 patients diagnosed over 3 months prior to obtaining blood, 11 had prior therapy. Thirteen patients (32.5%) had prior surgical resection. In all patients, blood draws were obtained a minimum of 2 weeks following their last therapy or surgical procedure to minimize the effects of treatment on the profile of circulating cytokines or MDSC.
Myeloid-derived suppressor cell subsets are elevated in patients with various GI malignancies ? HLADR -/low CD14 ? MDSC subsets was significantly elevated in patients as compared to normal healthy donors (P \ 0.0001; Fig. 1a-d) and widely distributed across patients with various GI malignancies (Fig. 2a-b MDSC were more prevalent in the PBMC of patients (Fig. 2c) , there were significant co-linear relationships between the each of the MDSC subsets (CD15 ? vs. CD15 Expression of pro-inflammatory cytokines in plasma from GI cancer patients Systemic levels of pro-inflammatory cytokines important for MDSC expansion and function were evaluated in this cohort of GI cancer patients [6, 16] . Plasma levels of IL-6 and IL-10 were significantly elevated in all patients as compared to normal controls ( Fig. 3a , P \ 0.0001, P \ 0.0001). Plasma levels of IL-1b and TNF-a were up-regulated in only 11 and 8 patients, respectively (data not shown). MDSC and the level of IFN-a-induced pSTAT1 in CD4 ? T cells (Fig. 4a-b) . This relationship was strongest for the CD15
? MDSC subset ( Fig. 4a ; Pearson r = -0.55; P = 0.002) and the CD15 -MDSC subset (Pearson r = -0.388, P = 0.034). In contrast, there was no relationship between the CD14
? MDSC subset and IFN-a-induced pSTAT1 in CD4
? T cells (data not shown; Pearson r = -0.139, P = 0. 46 T-cell subsets (data not shown).
MDSC reduce IFN-a responsiveness in vitro
PBMC co-cultured with in vitro generated MDSC had a significantly reduced level of pSTAT1 (at Tyr 701 ) following IFN-a treatment at both 10 3 and 10 4 U/ml as compared to PBMC alone (P = 0.0017 and P = 0.0062; Fig. 4c ). Similar to the patient data, the CD4
? T-cell subset also had a reduced response to IFN-a treatment when co-cultured with MDSC ( Fig. 4d; 10 3 P = 0.049 and 10 4 P = 0.186). PBMC were also co-cultured in parallel with non-cytokinetreated autologous PBMC as a control. These cells did not Relationship between cytokines, MDSC subsets, and overall survival
The data were analyzed to identify whether the percentage of each MDSC subset was related to the clinical course of disease. Univariable Cox proportional hazards models indicated the hazard of death was not significantly related to the level of any plasma cytokine or the percentage of any individual MDSC subset (CD14 ? P = 0.233; CD15
? P = 0.343; CD15 -P = 0.323; Table 2 ). As expected, a diagnosis of pancreatic cancer was associated with an increased risk of death when compared with cancer originating from other organ sites [hazard ratio (HR) = 4.36, P = 0.001]. To evaluate potential relationships between overall survival and the three MDSC subsets, an exploratory backwards elimination procedure was used to select predictors for a multivariable model. The final model included the CD15 -and CD14 ? subsets, revealing an increasing hazard of death with increasing CD15 -MDSC and a decreasing hazard with increasing CD14
? MDSC (HR for twofold increase in CD15 -= 1.42, P = 0.049; HR for twofold increase in CD14 ? = 0.69, P = 0.033, Table 3 ). Addition of an indicator for pancreatic malignancy into this model influenced the significance of both MDSC subsets (pancreatic cancer P = 0.01, CD15 -P = 0.32, CD14
? P = 0.114). However, adding stage of disease or number of cancer therapies into the model did not meaningfully alter the effect or significance of MDSC subsets on overall survival (not shown). advanced malignancy [16, 27, 48] . These cells represent an important barrier that likely limits the full potential of immune-based cancer therapies or endogenous host responses to developing tumors. Immunotherapy with recombinant cytokines, antibodies, and vaccine approaches continues to emerge as a promising treatment approach for many solid tumors and is also garnering increased interest in a number of GI malignancies [2, 3, 49] . For example, recent trials utilizing allogeneic pancreatic cancer cells that secrete GM-CSF as a vaccine in combination with cyclophosphamide have demonstrated disease control in a number of patients with refractory cancer [50, 51] . These data indicate that a better understanding of systemic immunosuppression such as the interactions between MDSC, systemic cytokines, and their signaling pathways could lead to new strategies for augmenting the host immune response against tumors.
The present study examined the relationships between plasma cytokines associated with immune suppression, MDSC levels, and IFN-a-induced signal transduction in the peripheral blood of patients with various GI malignancies. We have demonstrated that IL-6, IL-10, and multiple MDSC subsets were significantly elevated in patients when compared with normal donors. A highly significant correlation between plasma IL-6 with the CD15
? MDSC subset and IL-10 with the CD15 -MDSC subset was also observed, despite the heterogeneity of the patients included in the study. These data suggest that the systemic profile of pro-inflammatory cytokines may be associated with specific phenotypic subsets of circulating MDSC. Consistent with prior murine studies by our group, an inverse correlation between circulating CD15
? or CD15 -MDSC subsets and IFN-a responsiveness of CD4
? T cells was also observed [44] . Interestingly, co-culture with in vitro generated MDSC led to reduced IFN-a responsiveness of total PBMC and the CD4
? T-cell compartment. Finally, multivariable Cox proportional hazards models revealed that levels of individual MDSC subsets differentially influenced the hazard of death in this heterogeneous patient population. These data reveal novel relationships between individual MDSC subsets and systemic immunologic parameters that may regulate disease biology and progression.
Phenotypic subsets of MDSC in humans are continually being defined. This study has characterized what appear to be novel relationships between CD15
? and CD15 Fig . 3 Plasma levels of IL-6 and IL-10 and the association with MDSC in patients with GI malignancies. a IL-6 and IL-10 were measured by ELISA in plasma isolated from the peripheral blood of patients with GI malignancies (n = 40) and plasma obtained from normal donors (n = 20). The levels of IL-6 and IL-10 were significantly elevated in patients with GI malignancy as compared to normal controls. All samples were assayed in duplicate and quantitated using a standardized protein curve. b-c MDSC levels were obtained as described previously from n = 31 patients and compared with plasma cytokine levels from the same patient. phenotypic subpopulations of MSDC and systemic cytokine profiles in patients with GI malignancy. The CD15 marker is expressed on circulating granulocytes and some monocytes but is absent on lymphocytes. This protein is believed to play a role in phagocytosis, stimulation of degranulation, and chemotaxis. Consistent with other studies of MDSC in cancer patients [27] , the majority of CD33 ? HLA-DR -CD15 ? MDSC were also positive for CD11b (integrin aMb2) expression. Our data suggested that the overall balance between systemic IL-6 and IL-10 phosphorylation. In vitro generated MDSC expressed CD33 and CD11b, with variable, donor-dependent levels of HLA-DR and CD15, and showed no difference in CD15 expression in the presence or absence of IL-10 (data not shown). d CD4
? T cells from normal donors have reduced IFN-a-induced P-STAT1 when co-cultured with autologous, in vitro generated MDSC. Error bars represent standard deviation obtained from separate experiments using PBMC and autologous, in vitro generated MDSC from four unique donors may influence the percentage of individual MDSC subsets. In addition, these data suggest the presence of the CD15 marker may represent a particular stage of MDSC differentiation. However, the cytokine profile driving this process is likely complex and not limited to IL-6 and IL-10. Multivariable Cox proportional hazards models were used to evaluate potential relationships between MDSC subsets and overall survival. These exploratory modeling approaches showed that increased levels of CD15 -MDSC and decreased levels of CD14
? MDSC were associated with reduced overall survival in this cohort of patients. These data indicate that MDSC subsets may play some role in influencing the outcome of patients with GI malignancy. Although these results are consistent with other studies documenting a prognostic role of MDSC in advanced cancer [29, 31] , we caution over-interpretation of this data due to the heterogeneity of this patient population. Notably, patients diagnosed with pancreatic cancer had a significantly increased risk of death independent of MDSC level, which reflects the aggressive nature of this malignancy. Future studies are likely to resolve the question of whether individual MDSC subsets may be more prevalent in patients with a particular type of GI malignancy. Indeed, prior studies showed that melanoma patients had significantly elevated CD33
? HLA-DR -/low CD14 ? MDSC but not Lin -HLA-DR -CD33 ? MDSC as compared to normal donors [33] . This CD14
? MDSC subset has also been noted in other types of cancer including hepatocellular and ovarian carcinoma [52] . These data highlight the importance of studying individual MDSC subsets and indicate that disease biology likely influences the phenotypic properties of MDSC subsets.
The strengths of this study are the fact that the majority of patient samples were obtained soon after cancer diagnosis. This is particularly advantageous since data from most patients were obtained prior to surgery or adjuvant therapy such as chemotherapeutic drugs and radiation that could alter suppressor cell populations or function. Also, this represents the first report linking human MDSC with reduced IFN-a responsiveness of immune effector cells. One factor that might influence these results is the use of Ficoll-Paque separation. Previous studies have indicated that this separation technique can reduce the yield of CD15
? MDSC [31] . This was controlled for in comparison with normal donor samples, as both were processed in the same manner. However, our interpretation of the relative contribution of each subset to the biology and outcome of disease could be influenced by this technical factor. A second limitation of this study was the fact that the limited number of patient cells available permitted only phenotypic analysis of individual MDSC subsets and an analysis of IFN-a-induced signal transduction. We are in the process of conducting prospective studies to evaluate whether human MDSC confer reduced IFN-a responsiveness via reactive nitrogen intermediates as shown in our prior murine studies. We are also interested in studying whether the ability of MDSC subsets to inhibit IFN-a responsiveness is related to their ability to suppress T-cell proliferation or NK cell cytotoxicity [6, 14] . Finally, we plan to explore the phenotypic differences of MDSC isolated from both primary and metastatic tumor sites. Indeed, MDSC at the tumor site have been shown to be more suppressive, and therefore, the relative level of CD15 expression could also play a different role in this environment [16] . These questions will be best answered in the context of a prospective study in a more homogeneous patient population.
This study suggests the specific cytokine milieu in the periphery of cancer patients is associated with unique subsets of MDSC populations that impact the cellular response to clinically relevant cytokines. Likewise, this report is the first to demonstrate that human MDSC lead to reduced IFN-a responsiveness in immune effector cells. These data support MDSC as a relevant target that could be modulated to enhance the response to immune-based therapy in patients with advanced malignancies.
